Abstract 22
Staphylococcus aureus is a serious human pathogen with remarkable adaptive powers. 23
Antibiotic resistant clones rapidly emerge mainly by acquisition of antibiotic resistance 24 genes from other S. aureus strains or even genera. Transfer is mediated by a diverse 25 complement of mobile genetic elements and occurs primarily by conjugation or 26 bacteriophage transduction with the latter traditionally being perceived as the primary 27 route of transfer. Recent work on conjugation and transduction suggest that transfer by 28 these mechanisms may be more extensive than previously thought both in terms of the 29 range of plasmids that can be transferred by conjugation and the efficiency with which 30 transduction occurs. Here, we review the main routes of antibiotic resistance gene transfer 31 in S. aureus in the context of its biology as a human commensal and a life-threatening 32
pathogen. 33 34

STAPHYLOCOCCUS AUREUS AND MOBILE GENETIC ELEMENTS 35
The development of antibiotic resistances is a key threat to humanity. The World Health 36
Organisation recently categorised the global resistance threats and among the organisms of 37 high priority is Staphylococcus aureus. S. aureus is a serious opportunistic pathogen that 38 colonizes a third of the healthy human population and yet is the leading cause of bacterial 39 infections in the developed world, giving rise to a variety of conditions ranging from benign 40 skin infections to fatal infective endocarditis and necrotizing pneumonia. The core genome of S. aureus strains is highly clonal and is divided into lineages defined by 51 clonal complexes (CC) of sequence types (STs). Strains are also grouped based on 52 epidemiology in hospital-, community-or livestock-associated (HA, CA and LA, respectively). 53
In contrast to the core genome the diversity of mobile genetic elements in S. aureus is 54 remarkably variable. In fact, 15-20% of the genome is composed of mobile genetic elements 55 including bacteriophages (phages), pathogenicity islands, plasmids, transposons, integrative 56 conjugative elements (ICEs), integrons and staphylococcal chromosome cassettes (SCC) 57 where all elements except the phages may carry antibiotic resistance genes (ARGs) (4, 5, 6). 58
Most clinical isolates of S. aureus contain plasmids in the size range of 1 to 60 kbp. They 59 commonly carry from one to multiple ARGs with the small plasmids typically providing 60 resistance to erythromycin, chloramphenicol or tetracycline while the larger plasmids 61 encode multiple ARGs providing resistance to β -lactams, aminoglycosides and macrolides 62 (7). In the larger conjugative plasmids ARGs are often integrated as part of mobile genetic 63 elements such as transposons that can provide resistance to aminoglycosides, erythromycin, 64
MECHANISMS OF GENE TRANSFER 96
Conjugation 97
Conjugative transfer of plasmid encoded resistance genes has long been recongnized as a 98 key mechanism by which antibiotic resistance genes disseminate. Instrumental in this 99 process are conjugative plasmids that carry clusters of genes that encode products required 100 for cognate plasmid transfer and the mobilization of plasmids that encode limited 101 conjugation genes or none at all (Figure 1 ). The plasmid encoded relaxase (Nes) recognizes, 102
cleaves and attaches to the origin of transfer, oriT, located on the plasmid and assisted by 103 accessory proteins in a relaxome complex, the DNA is transferred to the recipient cell 104 through a type-IV secretion system (Figure 1) One of the most well-characterized conjugative plasmid families in S. aureus comprise 110 pSK41 (19). They commonly provide aminoglycoside resistance (20, 21) but may also confer 111 resistance to a variety of other antibiotics including penicillin, mupirocin, tetracycline, 112 macrolides and vancomycin (22, 23, 24, 25) . pSK41 is a 46.4 kb plasmid that in addition to 113 genes encoding replication, stability and conjugation functions contains a number of 114 transposon-like structures and co-integrated plasmids flanked by copies of the insertion 115 sequence IS257, which itself contains resistance elements (24). Importantly, the antibiotic 116 resistance genes appear to be introduced into the plasmid by these co-integrated elements 117 (24) and the ability of IS257 to capture small resistance plasmids may be a key factor in the 118 formation of resistance gene clusters (26). Mobility of the SCCmec cassette has been 119 difficult to reproduce in laboratory settings but one way has been to capture the cassette on 120 a pSK41/pGO1 plasmid following overexpression of the SCCmec recombinase and IS257/431 121 recombination demonstrating the power of IS elements in recruiting antibiotic resistance 122 genes to conjugative plasmids (27) . 123
Until recently conjugation was considered a relatively rare event in S. aureus as only about 124 5% of the plasmids encode all the products that are required for autonomous transfer (15). 125
However, we now know that conjugative plasmids promote transfer of other plasmids 126 (Figure 1 ). The mobilizable plasmids carry an oriT and encode a corresponding relaxase but 127 lack the genes required for mating pore formation and coupling protein. For transfer, the 128 relaxases of these plasmids must therefore recognize the coupling protein of the 129 conjugative plasmid (28, 29). An oriT sequence alone may even be enough for transfer as it 130
was recently was demonstrated that the conjugative plasmid, pWBG749 can transfer 131 plasmids that carry oriT-mimicking sequences presumably being recongnized by the 132 pWBG749 relaxase (30). Importantly, sequences resembling the oriT of pWBG749 are 133 present on half of all sequenced S. aureus plasmids including the large plasmids, pIB485, 134 pMW2 and the USA300 p03 family indicating that this type of transfer may be frequent in S. 
Bacteriophage transduction 146
In addition to plasmids, S. aureus strains commonly harbor one to four functional 147 bacteriophages integrated in their genome as prophages and they have long be recognized 148 as being involved in evolution of S. aureus strains and for human colonization (33,34, 35, 36, 149 37). Prophages can excise either spontaneously or by induction via activation of the 150 bacterial SOS response that is triggered in response to DNA damage elicited by for example 151 oxidative stress or exposure to some antibiotics (38). After induction the prophage enters 152 the lytic cycle leading to production of phage progeny and lysis of the host cell. During the 153 lytic cycle, bacterial DNA instead of phage DNA may be packaged into the phage capsid 154 producing a transducing particle, which upon release from the (donor) host cell can transfer 155 this bacterial DNA to another (recipient) cell -a phenomenon known as generalized 156 transduction ( Figure 2a) where a similar structure is found (50). Further, transduction requires adsorption and DNA 185 injection but not the lytic action of the transducing phages (51). These examples suggest 186 that in nature, generalized transduction may be more common than previously anticipated 187 as also reported for other bacterial genera (52). Thus, in addition to being a highly useful 188 genetic tool, generalized transduction is also a major driver of S. aureus evolution and 189 spread of ARGs. have also proven to modulate SigH expression (58). Despite these discoveries there is still no 220 evidence that transformation is a commonly occurring event but it may be that more 221 detailed studies of SigH expression are needed under in vivo conditions in order to identify 222 environments where transformation may be taking place. 223
224
TRANSFER DISTANCES AND BARRIERS 225
In the nasopharyngal cavity S. aureus is part of a complex microbiota where it among many 226 other bacteria encounters a wide range of coagulase-negative staphylococci depending on 227 the host colonized (59). All humans are colonized with S. epidermidis and transfer between 228 S. aureus and S. epidermidis has been documented in several reports in the form of 229 conjugative transfer of plasmids encoding resistance to aminoglycosides (20, 60, 61, 62) and 230
linezolid (63). Analysis of more than 300 S. aureus and S. epidermidis genomes also revealed 231 that SCCmec elements appear to be exchanged between S. epidermidis and S. aureus (64). 232
Although the exact mechanism by which the transfer occurs is largely unknown 233 accumulating data suggest that the cassette originates from S. epidermidis which acquired it 234 from other coagulase negative staphylococci (65). shown to provide a barrier to plasmid transformation (79). Despite these limitations, S. 278 aureus has a stunning potential for exchange of genetic material not only between strains 279 but also with other species and even across genera. 280 
WHERE AND WHEN DOES TRANSFER TAKE PLACE? 282
Transfer of antibiotic resistance has almost exclusively been studied in laboratory settings 283 and therefore, we still know little about where and when transfer occurs in natural settings. 284 One obvious location for transfer to take place is during colonization of a human or animal 285 host. Here, epidemiological studies suggests extensive exchange of mobile genetic elements 286 within lineages. These findings point to our general lack of knowledge of how 313 the expression of genes involved in transfer are regulated and moreover, how changes in 314 gene expression affect the transfer processes. Surprisingly few studies have focused on 315 globale expression of mobile genetic elements and how this is affected in different 316 environments such as biofilm and during colonization. 317 318
CONCLUDING REMARKS 319
S. aureus is a very versatile human pathogen that readily adapts to changing environments 320 and acquires antibiotic resistance genes through a number of different mechanisms. From 321 epidemiological studies it has been apparent that there is extensive exchange of MGE 322 particularly taking place in the hospital environment and recent experimental data have 323 documented that the exchange of MGEs can occur within hours after contact. The 324 mechanisms by which transfer occurs in vivo is still obscure but generalized transduction has 325 been considered to be a main player. This notion may be supported by recent findings 326 revealing the phenomenon of auto-transduction which suggest that phage and bacteria may 327 even collaborate to acquire "useful" genes such as those providing antibiotic resistance. 328
However conjugation appears to play a much greater role on transfer of ARGs than 329 previously recognized. The ability of conjugative plasmids to mobilize smaller plasmids 330 lacking most of the conjugative machinery and the transfer of plasmids lacking all known 331 mobilizable elements but replicating as rolling circles suggest that the majority of 332 staphylococcal plasmids may in fact be transferable by conjugation. Generally conjugation 333 appears to be the preferred transfer mechanism when genetic material is travelling long 334 genetic distances between species or even genera as also recently demonstrated by the 335 
